Salt marshes
are extremely productive and a large portion of their productivity occurs belowground as roots and rhizomes (Valiela et al. 1976; Schubauer and Hopkinson 1984 
Area description and methods

Sampling location --Chapman's
Marsh is a small marsh near the mouth of the Squamscott River in the upper regions of Great Bay, New Hampshire ( Fig. 1 ). This marsh is dominated by S. patens with stands of S. alterniflora along creek-and riverbanks. Because of the steep slope of the banks the S. alterniflora-inhabited areas are generally <30 m and in some locations only a few meters wide. The tall form orS. alterniflora is often > 2 m tall. The transition is abrupt from tall to short S. alterniflora and from S. alterniflora to S. patens. The tidal range at the marsh is slightly >2 m. These marsh characteristics are common in northern New
England. The soil in the S. alterniflora-inhabited areas contains relatively fine-grained minerals in addition to roots and rhizomes.
The S. patens-inhabited soils are composed primarily of decaying roots and rhizomes. During winter, S. alterniflora-inhabited regions are covered by ice which can become up to 1 m thick in some locations. The 
movement
of ice tends to remove virtually all of the aboveground biomass from a large portion of the creekbank stands so that by spring much of the S. alterniflora region is barren except for very. short remnants of grass stems. In these areas, the organic content ofthe soil is due mostly to belowground production. Sampling sites were chosen along a gradient perpendicular to the river in an area which was as far from drainage channels as possible.
All drainage ditches in the marsh are natural since the marsh has not been altered for mosquito control. Three locations along this gradient were sampled: tall S. alterniflora (SA); S. patens (SP); and the transition zone (T) between these two grasses, consisting primarily of the short form of S. alterniflora interspersed x_th S. patens. The SA and SP sites were both sampled from June 1984 to June 1986. The T site was sampled only during the 1984 growing season. Boardwalks were installed in spring and personnel were restricted to them throughout the experiment. Sample collection--Sediment cores were .'_-7 .'_¸¸-7"_ .....
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collected with a Wildco handheld corer containing a polycarbonate liner, plastic or stainless steel core catcher, and a plastic nose piece. Cores were flushed with N2 immediately after collection, capped, and transported back to the laboratory where they were extruded under N: in a glove bag. Pore-water samples were collected with in situ "sippers" deployed during spring and removed in fall before ice formed. Sippers were identical in design to those described by Short et al. (1985) except that they were made from TFE Teflon. Sippers (lysimeters by definition) consisted of a cylinder which contained a 5-cm section covered by a porous Teflon collar. Two Teflon tubes were connected to the top of the device, one of which passed through to the bottom for sample removal.
After deployment at the desired depth, a vacuum was applied by a hand pump, and the pore water was drawn into the sipper through the collar. Sippers were left full of water between sampling. On sampling days, the water within the sipper was removed by syringe. As water was withdrawn it was replaced with N2 supplied by a gas-filled glass syringe flushed just before use. Care was taken to prevent oxygen from entering the sipper. This initial water was discarded and the sipper was filled again by applying a vacuum. After filling (_ 15-20 min), the pore water was removed with a precleaned glass syringe while N2 was allowed to enter. (Fig. 4) . Occasionally, we were unable to collect sipper samples at certain depths at SP because sippers will not collect water unless the soils are saturated.
SO4_-:C1 -ratios at SP and T generally increased after these desiccation events and in some instances this ratio at SP exceeded the ratio in seawater. Soils at site SA were flooded at least once per day and did not experience periods of obvious desiccation.
Sediments at site T appeared to be subjected to desiccation as at SP (Fig.  4) as 30 #M and were higher than values at SP 
geS ( In general, SO4-'-reduction was less rapid in the S. patens soils than in soils inhabited by S. alterniflora in this New Hampshire marsh and in other marshes where SO2-reduction has been measured. SO42-reduction proceeded at relatively high levels in the soils at site SP throughout the year, however, and the seasonal pattern followed changes in temperature.
During summer, SO4 _-reduction at SP reached levels as high as 780 nmol ml -_ d -_ with integrated rates of 75 mmol m--" d -_.
Unlike the depth profiles of SO_-'-reduction at site SA, the maximum rate of SO2- Salt marsh biogeochemistry 589 reduction at SP was found atvarying depths depending on the previous hydrologic conditions which affected desiccation of the soil.
In general, the maximal rate was found at I1 cm when the surface soils were oxidized and at _ 1-2 cm when the soils were 1986) . This oxidation at site SP caused the removal of dissolved iron(II) and the oxidation of reduced iron associated with reduced sulfur minerals.
Once the sediments became waterlogged after spring tides or rain, they again became anoxic, iron dissolution occurred, and SO2-reduction increased. This cycle in oxidation and reduction of the soil at site SP occurred on time scales of days in some instances and must have resulted in a supply ofiron (II) and (III) in the upper 10 cm at SP for reaction with sulfide, since sulfide was always depleted.
We detected rapid changes in redox conditions at site SP. For example, dissolved iron concentrations at the 2-cm depth varied from 5.9 /_M on 27 June 1984 to 138 on 10 July to 9.9 on 17 July. The rate of SO_ 2-reduction at that depth varied from 170 to 780/zmol liter -_ d -] during that same interval.
Although no SO42-reduction rate data were collected for the 10 July sample at this site, the SO2-: C1-ratio on that date was even higher than on 27 June and decreased from 0.075 to 0.044 during the interval from 10 to 17 July. Therefore, the _4.5-fold increase in SO4-'-reduction between 27 June and I7 July probably occurred from l0 to 17 July. Abstract--Three emission chambers were deployed simultaneously to measure rates of emission ofdimethyl sulfide, methane thiol and carbonyl sulfide within or across vegetation zones in a New Hampshire salt marsh. Short term (a few hours) variation in fluxes of all S gases from replicate sites were small within a monospecific stand of either Spartina atterniflora or S. patens. The quantity of emergent biomass and the type of vegetation present were the primary factors regulating the rate of emission. Dimethyl sulfide fluxes from the S. alterniflora soils ranged from 800 to 18,000nmolm-2h -t compared to emissions of 25--120nmolm-2h -_ from S. patens. This difference was probably due to the presence of the dimethyl-sulfide precursor dimethylsulfoniopropionate which is an osmoregulator in S. alterniflora but not in S. patens. Methane thiol emissions from S. alterniflora were 20--280 nmol m -: h -t and they displayed a similar diel trend as dimethyl sulfide, although at much lower rates, suggesting that methane thiol is produced primarily by leaves. Methane thiol emissions from S. patens were 20--70 nmolm-:
h-L Net uptake of carbonyl sulfide of 25--40 nmol m-_ h-_ occurred in stands of S. alterniflora while net e_ux of
INTRODUCTION
The existence of biogenic sulfur emissions has been recognized at least since the discovery of the atmospheric Junge layer in the early 1960s (Junge, 1963) . The importance of these emissions as a component of the global cycle of sulfur (Mrller, 1984; Andreae, 1985) , their contribution to the pH of precipitation (Charlson and Rodhe, 1982) , and their potential impact on global radiation balance and climate (Crutzen, 1976; Shaw, 1983; Bates et al., 1987; Charlson et al., 1987; Rampino and Volk, 1988) .r =
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METHODS
Study site
The salt marsh studied (Chapman's Marsh) was located in Stratham, NH, U.S.A., on the Squamscott River (Fig. l) et al. (1974) and Hines et al. (1989) . Nine emission sites were chosen; three in each of three vegetation zones (Fig. 1) the blank, we chose to use Tygon in the areas inhabited by $. patens to maintain continuity and to estimate COS uptake. Three flux chambers were deployed simultaneously. To determine the intra-zone variability, all three chambers were deployed within one vegetation zone and several samples were collected over a short time period (3--4 h). On other occasions, one chamber was placed within each vegetation zone to determine inter-zone and did variations. For sites which displayed very high fluxes of one particular S gas species (i.e. DMS), a small volume sample was collected just prior to a large one.
Analytical technique
Samples were analyzed on a Perkin-Elmer Sigma 300 gas chromatograph equipped with a sulfur dioxide doped, flame photometric detector and a 1.gmx0.3175crn OD FEP Teflon column packed with 1.50 XE-60, 1% HaPO,, 60/80 Carbopack B (Supelco). Samples were remobilized by immersing the sample loops in a boiling water bath and loaded onto the column with a Teflon-lined ten-port valve (Fig. 2) . The oven temperature of the gas chromatograph was programmed to begin at 50°C for 0.5 min, then ramp at 32°C rain-1 to 90°C, stay at 90°C for 2.0 min, then ramp at 32°C min -1 to 110°C, remain at II0°C for 1 rain and then return to 50°C for the next sample. Sample analysis took approximately 6 mln with a nitrogen carrier flow of 24 cm 3min-t.
Chromatograms
were integrated on a Perkin-Elmer LCI-100 plotter integrator• Several modifications were made to the gas chromatograph to improve its performance. The hydrogen fuel for the detector was doped with a SOx permeation tube at~7.6 x 10 -11 gSs -1 in 1987 and~6.9x
10-t°gSs -1 in 1988. Doping resulted in decreased detection limits, improved linearity of calibration curves and it allowed for the detection of detector interference from co-trapped hydrocarbons and CO v Both COa and CH, eluted early from the column and did not interfere with any of the compounds of interest here. A typical chromatogram for sites inhabited by either S. alterniflora or S. patens are shown in Fig. 3 . The temperature of the permeation tube used to dope the fuel was maintained in a water bath at room temperature. The detector jet was replaced with a quartz glass jet of identical configuration as the original steel jet. A baffled vent for the detector was also installed to prevent inadvertent air pressure changes from affecting the detector flame.
The gas chromatograph was calibrated by dilution of permeation tube (VICI Metronics) emissions. Permeation tubes for each subject compound were maintained at 30°C in a Tracor model 412 Mini-perm Permeation Tube Calibration System. Tube loss rates were determined gravimetrically. Routine primary calibration was conducted just before and after field sample analysis by varying the rate of diluent (N,) flow across the permeation devices, injecting a known volume from a standard sample loop (Fig. 2) and correcting for temperature, pressure and flow rate. The rate of diluent flow was determined using a calibrated pressure gauge which was situated upstream of the chamber just prior to a critical orifice. The quantities of standard S, in ng, delivered to the analytical column from the sample loop were 0.26-23.3 for DMS, 0.134-11.87 for MeSH and 0.16-14.12 for COS.
Relative recoveries of S gases were determined occasionally using permeation standards and a laboratory flux chamber fitted with tubing, drier and a cryogenic system which were identical to the field apparatus. These tests were conducted using either high concentrations of S gases provided directly from the permeation devices or from S standards which were diluted within a secondary Teflon chamber. The secondary chamber consisted of an entry port from the primary chamber, an entry port which delivered diluent gas, an exit port which delivered diluted S gases to the laboratory flux chamber and a vent. The rates of diluent flow and vent loss were monitored directly with mass flow meters.
The rate of flow from the secondary dilution chamber to the flux chamber was calculated by difference. The rate of diluent flow to the final flux chamber was also monitored with a mass flow meter. Mass flow meters never came in contact with the analyte compounds. The two chamber dilution system together with additional dilution provided by the flux chamber/sweep air system yielded concentrations of S gases within the chamber that were similar to those encountered in field samples (0.3-26.0 ngd-t). The addition of high humidity to the chamber bad little to no effect on the recovery of S gases at both high and low concentrations of S. Recoveries using the cryotrapping system were 60-85% of results using the direct sample loop. The lowest recoveries were for compounds that eluted last from the column. Although the recovery of S gases was lower using the cryotrapping system, recovery percentages were consistent over all experimental conditions and were used to calculate the final fluxes. The coefficient of variation of triplicate standards of dimethyl sulfide (DMS), methane thiol (MESH) and carbonyl sulfide (COS) handled identically to field samples were 1.6%, 2.1% and 1.5%, respectively at a simulated emission rate of 3.0 nmol m-xh-t. However, we estimated that the error for field samples was closer to 15% (Morrison, 1988) . The detection limits for the compounds of interest were 35-70 pgd-t at a signal to noise ratio of 2. The minimum emission rates that could be determined under typical field conditions for DMS, MeSH and COS, and were 1.4, 0.8 and 0.7nmol m-2h -t, respectively. When Tygon tubing was used, the minimum emission rates for DMS and COS increased to 6.8 and 12.3 nmol m -x h-t, respectively.
Time (mini -1986 (Hines et al., 1989 .
Dimethyl sulfide emissions
The variation in fluxes of DMS was a function of plant species and the apparent biomass of grass at each site. (Fig. 4) Emissions were highest at site A and extremely low at alterniflora showed similar trends. The differences noted on 5 August (Fig. 5) were similar to what was noted 6 days earlier during a shorter term preliminary study of these sites (data not shown). At both A and T, DMS fluxes increased after the marsh was flooded by tidal waters.
Methane thiol emissions
Fluxes of MeSH generally mimicked those of DMS, i.e. emissions were relatively constant for short time periods, highest from sites that contained the most biomass, highest during daylight hours and showed increases following tidal flooding (Figs 5 and 6) 
Carbonyl sulfide emissions
Quantification of COS emissions was affected by the Tygon tubing-imposed blank. Since blanks were not needed for the other gas species except for DMS in the S. patens soils, we did not measure them routinely on each sampling day. Figure 7 depicts results of a typical set of blank-corrected data for COS emissions from sites A and P. Although there was little variation in COS flux among sites within a particular vegetation type, there was net uptake of COS (~35 nmol m-2 h -t) at site A as opposed to a net efflux of COS (~20 nmol m -_ h-t) to the atmosphere from site P.
DISCUSSION
Emissions of DMS were controlled by plant species type and biomass. The finding that DMS flux was two orders of magnitude higher from S. alterniflora compared to S. patens, agreed with the fact that S. patens does not produce measurable quantities of the osmoregulatory compound dimethylsulfoniopropionate (DMSP) (Dacey et al., 1987) . The decomposition of this compound has been shown to be the primary precursor of DMS in marsh grasses and oceanic phytoplankton (Larher et al., 1977; Dacey and Wakeham, 1986; Dacey et al., 1987) . The results presented here provide field confirmation that DMS emissions are a function of the presence of grass species that produce DMSP and that when calculating regional estimates of DMS flux one must consider the distribution and biomass of vegetation. Goldan et al.
(1987) also found maximum fluxes of DMS from areas inhabited by S. aherniflora in a North Carolina marsh while DMS fluxes from Juncus romerianus were 10-fold lower. The flux of DMS from S. alterniflora has been shown to occur from leaves rather than from the sediments (Dacey et al., 1987) . This explains our finding that DMS flux was related closely to the quantity of emergent biomass in the New Hampshire marsh, de Mello et al. (1987) also reported that DMS emissions were a function of biomass in a Florida S. alterniflora marsh. We also found that DMS emissions
•¢'-3o Jorgensen and Okholm-Hansen, 1985; Goldan et al., 1987; Cooper et al., 1987a; Fall et al., 1988) . Our finding that DMS emissions increased during tidal flooding agrees with the conclusion of Dacey et al. (1987) that sediments are a sink for DMS and covering the sediments with water effectively blocks this sink. Goldan et al. (1987) also reported an increase in DMS flux rate from S. alterniflora soils once they were flooded with tidal water. This result is opposite to the fluxes of sediment-derived S gases, such as H2S, which may display large maxima just prior to high tide due to tidal pumping (Hansen et at., 1978; Jorgensen and Okholm-Hansen, 1985; Cooper et al., 1987a) . Insufficient data are available to ascertain if the increase in DMS flux during periods of flooding is due to physiological changes related to osmoregulation.
The data presented here support the notion that biomass and plant species distribution appear to be dominant controlling factors with light and temperature diel changes as secondary factors affecting the magnitude of DMS flux on a regional basis during the growing season. The obvious visual differences in the abundance of biomass within each collar and the coincident variations in gaseous S flux suggest that regional estimates of S emissions can be obtained from data that differentiate plant species and biomass. Remote sensors are currently available which have this capability such as the Airborne Imaging Spectrometer (Gross and Klemas, 1986) .
Methane thiol emissions mimicked DMS emissions in the site inhabited by S. alterniflora, although at much lower rates. The coincidence of fluxes for these two S species was similar to what was reported for agricultural crops by Fall et al. (1988) . As with DMS, MeSH appears to be produced by leaves of S. alterniflora and production is controlled, in part, by photosynthesis. The similarity in DMS and MeSH emission trends in the S. alterniflora-inhabited regions (A and T) suggests that MeSH could be a demethylation product of DMS. This does not seem to be the case for S. patens since the quantity of MeSH produced is large relative to the DMS flux rate, i.e.~1 :3 for S. patens and~1:100 for S. alterniflora. Methane thiol is an intermediate in the methanogenic decomposition of DMS in anoxic marine sediments (Kiene et al., 1986) .
Our finding that MeSH fluxes increased once the sediments were covered by tidal waters suggested that the sediments were a sink for MESH.
Emissions of COS were also affected by plant species distribution with net uptake in the S. alterniflora soils and net effiux from the S. patens soils. Since COS uptake by vegetation is dependent on the COS concentration (Goldan et al., 1988) it was not possible to calculate a natural rate of COS flux by these species. However, the quantity of COS introduced into the flux chambers by bleed from Tygon (Carroll, 1985) so these rates may approach the natural rate.
Vegetation appears to act as a net sink for tropospheric COS (Kluczewski et al., 1983; Brown and Bell, 
